Introduction
============

Back pain is one of the most common diseases in modern society, with 60--80% of people experiencing it at least once in their lifetime ([@b1-etm-0-0-7893]). Lumbar disc herniation (LDH) is the most common back pain disorder in clinical practice, with a morbidity of 20--30% according to previous reports ([@b2-etm-0-0-7893]--[@b4-etm-0-0-7893]). In recent years, with the continuous development of society and the change of working and living habits, LDH is affecting an increasing number of young patients ([@b5-etm-0-0-7893]). The highest prevalence of LDH is among adults aged 30--50 years, with a male to female ratio of 2:1 ([@b6-etm-0-0-7893]). LDH is defined as a recurrent symptom of lower back pain and sciatica whose pathophysiology includes mechanical compression, autoimmunity and chemical inflammation of the nerve roots ([@b7-etm-0-0-7893],[@b8-etm-0-0-7893]). However, the exact causes of lower back pain and sciatica are not fully understood and as such, there is no effective treatment for primary symptoms.

The treatment of symptomatic LDH includes non-invasive therapy, minimally invasive procedures and surgery ([@b9-etm-0-0-7893]). It has been demonstrated that surgical and non-surgical treatment effectively treats symptomatic LDH ([@b10-etm-0-0-7893]). However, the incidence of operation-associated complications is 15--30% and the recurrence rate after operation is 2--25% ([@b11-etm-0-0-7893],[@b12-etm-0-0-7893]). Thus, non-surgical treatment remains the first choice for most patients. Physical therapy serves an important role in the management of LDH and is often recommended for the treatment of pain and for the restoration of functional and neurological deficits ([@b13-etm-0-0-7893]). Active exercise therapy is a form of physical therapy that is more popular than passive therapy and includes activities such as walking, cycling or yoga ([@b14-etm-0-0-7893]). However, to the best of our knowledge, no studies have explored the possible role of swimming in LDH.

Combined with the pathophysiological characteristics of LDH, the present study constructed an animal model of LDH to determine the expression of phospholipase A2 (PLA2), interleukin (IL)-6, tumor necrosis factor-α (TNF-α) and NF-κBp65, and the apoptosis of nucleus pulposus cells following swimming therapy. The present study may provide a theoretical basis for LDH exercise treatment and may also determine the optimal forms of exercise that can be applied for therapy.

Materials and methods
=====================

### Animals

A total of 72 male Sprague Dawley rats (weight, 215±15 g; age, 8 weeks) were purchased from the Animal Center of the West China Medical College of Sichuan University (Chengdu, China). All animals were housed in the animal laboratory under controlled, conventional conditions (temperature, 24±1°C; humidity, 60±10%; 12-h light-dark cycle), and were given free access to food and water during the experimental session. Following a week of adaptation, rats were randomly divided into three groups (n=24/group): The sham operation, model and exercise intervention groups. The experimental protocol for the care and use of laboratory animals was approved by the Experimental Animal Ethics Committee of West China Hospital of Sichuan University (Chengdu, China). The associated permit number is 2018/66A.

### Establishment of rat LDH model

The lumbar disc herniation model was established in the rats as previously reported ([@b15-etm-0-0-7893],[@b16-etm-0-0-7893]). All rats were anesthetized by an intraperitoneal injection of 10% chloral hydrate (350 mg chloral hydrate/kg rat body weight; Animal Center of the West China Medical College of Sichuan University). The hair on the rats\' abdomen and lower back was clipped. The left side of the body was incised and routine disinfection was performed to avoid wound infection. The incision was 3--3.5 cm long. The nucleus pulposus (NP) was harvested between the 2nd and 3rd coccygeal intervertebral disc of rat tails. In the model and exercise intervention groups, the L5 and L6 nerve roots were cut after exposing the ventral posterior wall. Harvested NP was then placed on the top of the left L5 and L6 nerve roots. Next, the wound was washed with saline and bandaged with sterile gauze. In the sham group, the intervertebral disc was snipped without NP transplantation. Rats were separately fed in a single cage and fasted for solids and liquids following surgery. Animals were administered with penicillin for 3 successive days. The rats had normal appetite without obvious infection signs, peritonitis or death following administration of 10% chloral hydrate.

### Exercise intervention

Rats in the exercise intervention group were treated on day 5 post-surgery. The rats were placed in a pool sized 100×70×60 cm with a water depth of 50 cm. The water temperature was set to 30±2°C. Initially, the animals were subjected to exercise twice for 10 min. Next, animals trained for 20, 30 and 45 min on days 1, 2 and 3, respectively. The training occupied 60 min a day, 6 days a week for 4 weeks.

### Detection of the hind paw withdrawal threshold in LDH rats

The hind paw withdrawal threshold was detected as previously described ([@b17-etm-0-0-7893],[@b18-etm-0-0-7893]). Rats were placed in the test box of a heat pain checker (PL-200) with thermal light exposure. The thermal light was focused on the back half of one side of the rat foot through the bottom glass plate, and the spot diameter was 5 mm. The time from exposure to withdrawal was recorded. The interval between tests lasted for a minimum of 5 min, and the mean value was measured three times.

### Material and specimen handling

Rats were sacrificed via cervical dislocation following anesthesia by intraperitoneal injection of 10% chloral hydrate (350 mg chloral hydrate/kg rat body weight) at 7, 14 and 28 days following exercise intervention. After being soaked in 70% ethanol for 5 min, the skin of rats was cut along the posterior median line, paravertebral muscle was separated and the lumbar vertebral segment was removed. Then, intervertebral disc fiber ring was cut open with a sharp knife under microscopy, and the NP tissue was removed, fixed with 4% paraformaldehyde at 4°C for 48--72 h, and the remaining NP tissues were preserved at −80°C.

### Reverse transcription quantitative polymerase chain reaction (RT-qPCR)

The relative expression of PLA2, TNF-α, IL-6 and β-actin were evaluated by RT-qPCR. Total RNA was extracted from NP tissue using TRIzol reagent (Thermo Fisher Scientific, Inc.) and cDNA was synthesized using PrimeScript™ RT reagent kit (Takara Biotechnology Co., Ltd.) at 37°C for 15 min and 85°C for 5 sec, in accordance with the manufacturer\'s protocol. The expression levels of PLA2, TNF-α, IL-6 and β-actin were then detected with SYBR Premix Ex Taq II (Takara Biotechnology Co., Ltd). The thermocycling conditions were as follows: 3 min at 95°C; 40 cycles of 95°C for 5 sec and 60°C for 30 sec; followed by 72°C for 30 sec. The data was analyzed using Bio-Rad CFX Manager software (version 3.0; Bio-Rad Laboratories, Inc.). The 2^−∆∆Cq^ method was used for comparative quantitation ([@b19-etm-0-0-7893]). β-actin was used as endogenous controls. Primer sequences are presented in [Table I](#tI-etm-0-0-7893){ref-type="table"}.

### Terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling (TUNEL) staining

NP tissues were fixed with 4% paraformaldehyde for 48--72 h at room temperature. NP was then embedded in paraffin and 5-µm-thick paraffin sections were prepared. Apoptotic cells were detected using an *in situ* cell death detection kit (Roche Applied Science) at 37°C for 1 h in the dark, in accordance with the manufacturers protocol. Samples were then rinsed in 0.1 M PBS three times for 5 min, incubated in Converter peroxidase (POD) for 30 min at 37°C, rinsed in 0.1 M PBS three times for 5 min and color-developed with 3,3′-diaminobenzidine for 5 min at room temperature. Samples were subsequently counterstained with hematoxylin at room temperature for 1--3 sec. Following complete washing with distilled water, sections were mounted with Rhamsan gum (Beijing Solarbio Science & Technology Co., Ltd.) and observed under a fluorescence microscope (Olympus Corporation; magnification, ×400). Apoptotic cells exhibited brown staining within the nucleus.

### Annexin-V/propidium iodide (PI) double-staining assay

The collected NP cells were resuspended in 100 µl Annexin V binding buffer (1×10^5^ cells) with 5 µl Annexin V-fluorescein isothiocyanate and 5 µl PI (cat. no. 556547; BD Biosciences). Subsequently, cell apoptosis was detected using a FACSCalibur™ flow cytometer (BD Biosciences) within 1 h. Data were analyzed using FlowJo 10.07 software (Tree star, Inc.).

### Detection of secretory (s)PLA2 activity and TNF-α and IL-6 contents

NP tissue (100 mg) was rinsed with 1×PBS, homogenized in 1 ml of 1×PBS and stored overnight at −20°C. After two freeze-thaw cycles at −20°C overnight were performed to break cell membranes, homogenates were centrifuged at 4°C for 5 min at 5,000 × g. The supernatant was removed and assayed immediately. sPLA2 (cat. no. CSB-E13206r; Cusabio Technology LLC) activity, TNF-α content (cat. no. PT516; Beyotime Institute of Biotechnology) and IL-6 content (cat. no. PI328; Beyotime Institute of Biotechnology) was detected via the colorimetry method using a microplate reader (Thermo Fisher Scientific, Inc.) at 450 nm, according to kit instructions.

### Western blotting

Protein samples were prepared from NP tissues using radioimmunoprecipitation assay lysis buffer (Wuhan Boster Biological Technology, Ltd.). Protein concentration was measured using a bicinchoninic acid Protein assay kit (Wuhan Boster Biological Technology, Ltd.). Protein samples (20 µg) were then separated using 10% SDS-PAGE gel and transferred onto a polyvinylidene difluoride membrane (EMD Millipore). The membrane was subsequently blocked with 5% skimmed milk powder for 1 h at room temperature and incubated with primary anti-nuclear factor (NF)-κBp65 (cat. no. 8242) and β-actin (cat. no. 4970) antibodies (Cell Signaling Technology, Inc.) at a dilution of 1:1,000 overnight at 4°C. Samples were then incubated with horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G secondary antibodies (cat. no. 7074; 1:5,000; Cell Signaling Technology, Inc.) for 1 h at room temperature. Protein bands were visualized using an ECL chemiluminescence kit (EMD Millipore). Protein levels were calculated relative to β-actin and Image-ProPlus software (version 6.0; Media Cybernetics, Inc.) was used for densitometry analysis.

### Statistical analysis

SPSS 20.0 software (IBM Corp., Armonk, NY, USA) was used for the statistical analysis. Quantitative data are presented as the mean ± standard deviation. One-way analysis of variance and Dunnett\'s test were used to determine significance among groups, and P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Hind paw withdrawal threshold is increased following swimming in LDH rats

Prior to surgery, the hind paw withdrawal threshold was \~10 sec in all three groups. Compared with the model group, the hind paw withdrawal threshold was significantly increased in the exercise intervention group on days 14 and 28 following surgery. As compared with the sham operation group, the hind paw withdrawal threshold of the model group was significantly reduced ([Fig. 1](#f1-etm-0-0-7893){ref-type="fig"}). These data indicated that swimming could alleviate nerve root pain in LDH rats as the training time increased.

### sPLA2 expression and IL-6 and TNF-α content decreased in LDH rats following swimming

The sPLA2 expression in the exercise intervention group was decreased on day 14, as compared with that in the model group. sPLA2 expression in the model group was significantly increased on days 7 and 14, as compared with that in the sham group ([Fig. 2A](#f2-etm-0-0-7893){ref-type="fig"}). As compared with the model group, the IL-6 and TNF-α content was reduced on days 14 and 28 following surgery. As compared with the sham group, the IL-6 and TNF-α content clearly increased on days 7, 14 and 28 in the model group ([Fig. 2B and C](#f2-etm-0-0-7893){ref-type="fig"}).

### PLA2, IL-6 and TNF-α mRNA expression decreases in LDH rats following swimming

The mRNA expression level of PLA2 in the exercise intervention group significantly decreased on days 14 and 28 following surgery, when compared with the sham group, and the same expression in the model group was higher than that in the sham group from day 7 following surgery ([Fig. 3A](#f3-etm-0-0-7893){ref-type="fig"}). The mRNA expression level of IL-6 in the exercise intervention group was significantly decreased on days 14 and 28, when compared with that in the model group, and that of the model group was increased from day 7 following surgery, when compared with that in the sham group ([Fig. 3B](#f3-etm-0-0-7893){ref-type="fig"}). The mRNA expression level of TNF-α in the exercise intervention group was significantly lower than that in the model group on day 14, while that in the model group was clearly increased from day 7 following surgery, compared with the sham group ([Fig. 3C](#f3-etm-0-0-7893){ref-type="fig"}).

### Swimming inhibits cell apoptosis in LDH rats

Apoptotic cells were detected by TUNEL and Annexin V/PI. The TUNEL staining results demonstrated that TUNEL-positive cells were observed in the model and exercise intervention groups, but those in the exercise intervention group were markedly decreased, as compared to those in the model group ([Fig. 4](#f4-etm-0-0-7893){ref-type="fig"}). The flow cytometry results demonstrated that the apoptotic rate in the exercise intervention group was significantly decreased from day 7 following surgery, as compared with that in the model group. The rate in the model group was significantly increased from day 7 following surgery, as compared with that in the sham group ([Fig. 5](#f5-etm-0-0-7893){ref-type="fig"}).

### Swimming inhibits the activation of NF-κBp65 in LDH rats

Western blotting results demonstrated that the NF-κBp65 protein expression level in the model group was significantly increased, when compared with that in the sham group on days 7, 14 and 28 following surgery, and was significantly higher on day 14, as compared with day 7. In the exercise intervention group, the NF-κBp65 protein expression was significantly decreased, as compared with that in model group, and was significantly lower on day 28, as compared to day 7 ([Fig. 6](#f6-etm-0-0-7893){ref-type="fig"}).

Discussion
==========

Modern medical studies have demonstrated that LDH-induced nerve root pain is mainly caused by mechanical compression, autoimmunity and chemical stimulation of inflammatory factors ([@b7-etm-0-0-7893],[@b20-etm-0-0-7893]). Among them, mechanical oppression is the main pathogenic factor. Early modern medicine\'s understanding of LDH mainly focused on mechanical oppression, which was considered the only pain-causing factor ([@b21-etm-0-0-7893]). With the progress and development of modern medicine, the theory of molecular biology was introduced in LDH. A previous study demonstrated that the inflammatory factors in the body fluids and tissues of the lumbar process have toxic effects on the nervous system, and can stimulate nerves and produce the feeling of pain, causing nerve root pain in LDH ([@b22-etm-0-0-7893]). This finding demonstrated that mechanical compression was not the only cause of lumbar and leg pain in LDH, and that relief from compression injury was no longer the only treatment.

The generation and maintenance of chronic neuropathic pain is the common result of many inflammatory factors. PLA2 is a key enzyme that produces other inflammatory substances, which can hydrolyze glycosphospholipids specifically, and produce free fatty acids and hemolytic phospholipids, mainly arachidonic acid ([@b23-etm-0-0-7893]), causing inflammation in the lumbar region and stimulating local sensors that ultimately cause pain. TNF-α is released by macrophages and is a cytokine with a strong pain-causing effect, it can cause root pain while continuing to damage cells, promoting the production of other inflammatory factors, such as cyclooxygenase 2, IL-6 and IL-1 ([@b24-etm-0-0-7893]). TNF-α can gather and regulate neutrophil and eosinophilic cells directly, disrupt the metabolism and cellular immune response, and affect the normal process of cell division and differentiation, and produce cytotoxicity and neurotoxicity ([@b25-etm-0-0-7893],[@b26-etm-0-0-7893]). IL-6 is mainly secreted by monocytes/macrophages, as well as B and T lymphocytes, it is an acute reactive protein and can induce acute inflammatory reaction, promoting and regulating the inflammatory response in different types of cell division and differentiation ([@b27-etm-0-0-7893]). The present study demonstrated that the sPLA2 expression, TNF-α and IL-6 content, and the PLA2, TNF-α and IL-6 mRNA expression levels in the exercise intervention group decreased significantly, as compared with those in the model group, which was consistent with the trend of hind paw withdrawal threshold in rats. These results indicated that the increased PLA2, TNF-α, and IL-6 activity in the NP has an important role in neuropathic pain of LDH, also suggested that swimming can inhibit inflammatory reaction and improve the nerve root pain of LDH rats.

A number of studies have indicated that apoptosis is involved in intervertebral disc tissue degeneration of pathophysiological changes ([@b28-etm-0-0-7893],[@b29-etm-0-0-7893]). Excessive cell apoptosis results in a reduction in the activity of intervertebral disc cells and a subsequent decrease in extracellular matrix change in synthesis and composition, contributing to the pathology of intervertebral disc degeneration ([@b30-etm-0-0-7893]). In the present study, it was observed that swimming markedly reduced the number of apoptotic cells in NP of LDH rats. And the apoptosis trend was consistent with the change of inflammatory factors. Wang *et al* ([@b31-etm-0-0-7893]) previously reported that the IL-1, IL-4, and TNF-α expression levels contribute to the apoptosis of disc cells. Therefore, it was hypothesized that excessive activation of inflammatory factors may promote apoptosis in LDH rats.

NF-κBp65 is the main effect factor of NF-κB, which can promote the release of various inflammatory factors by activating the downstream inflammatory signal, and increase the chronic inflammatory injury of intestinal mucosa tissues ([@b32-etm-0-0-7893]). The activation of NF-κBp65 promoted inflammation and hyperalgesia in rat adjuvant-induced arthritis ([@b33-etm-0-0-7893]). The present findings demonstrated that the NF-κBp65 protein expression level was significantly decreased following swimming, which indicated that the reduction of neuronal pain and inflammation in LDH rats by swimming may be associated with the inhibition of NF-κBp65 activity.

In conclusion, the present findings indicate that swimming can effectively reduce the nerve root pain in LDH rats, which may be associated with the downregulation of inflammatory factors, inhibition of the activity of NF-κBp65 pathway in NP, and inhibition of apoptosis of NP cells. These findings are encouraging and suggest that swimming might be employed as a novel and effective therapy for LDH patients in the future.
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![Swimming could increase the hind paw withdrawal threshold in lumbar disc herniation rats. \*P\<0.05 and \*\*P\<0.01 vs. model group; ^\#\#^P\<0.01 vs. sham operation group (n=6).](etm-18-04-2851-g00){#f1-etm-0-0-7893}

![sPLA2 expression and IL-6 and TNF-α content decreased in lumbar disc herniation rats following swimming. (A) sPLA2 expression, and (B) IL-6 and (C) TNF-α content. \*P\<0.05 and \*\*P\<0.01 vs. model group; ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. sham operation group (n=6). sPLA2, secretory phospholipase A2; IL, interleukin; TNF, tumor necrosis factor.](etm-18-04-2851-g01){#f2-etm-0-0-7893}

![The PLA2, IL-6 and TNF-α mRNA expression decreased in lumbar disc herniation rats following swimming. (A) PLA2, (B) IL-6 and (C) TNF-α mRNA expression. \*P\<0.05 and \*\*P\<0.01 vs. model group; ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. sham operation group (n=6). sPLA2, secretory phospholipase A2; IL, interleukin; TNF, tumor necrosis factor.](etm-18-04-2851-g02){#f3-etm-0-0-7893}

![Terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling-positive cells decreased in lumbar disc herniation rats following swimming. Red arrows indicate apoptotic cells.](etm-18-04-2851-g03){#f4-etm-0-0-7893}

![Cell apoptosis decreased in lumbar disc herniation rats following swimming. Annexin-V/propidium iodide double-staining and flow cytometry was applied to detect the apoptotic cells. \*\*P\<0.01 vs. model group; ^\#\#^P\<0.01 vs. sham group (n=6). FITC, fluorescein isothiocyanate.](etm-18-04-2851-g04){#f5-etm-0-0-7893}

![Swimming inhibited the activation of NF-κBp65 in lumbar disc herniation rats. Western blotting was performed to detect the expression of the NF-κBp65 protein. \*\*P\<0.01 vs. model or exercise intervention group (day 7 for both); ^\#\#^P\<0.01 vs. sham group; ^&^P\<0.05 and ^&&^P\<0.01 vs. model group (n=6). NF, nuclear factor.](etm-18-04-2851-g05){#f6-etm-0-0-7893}

###### 

Primer sequences for reverse transcription-quantitative polymerase chain reaction.

  Gene      Primer sequence (5′→3′)
  --------- -------------------------------
  PLA2      F-CATGAAGGTCCTCCTGTTGCT
            R-AGCAACTGGGCGTCTTCCC
  TNF-α     F-CGGTGCCTATGTCTCAGCCTCTTCTC
            R-TGGTGGTTTGTGAGTGTGAGGGTCTG
  IL-6      F-TGGAGTCACAGAAGGAGTGGCTAAGG
            R- GCATAACGCACTAGGTTTGCCGAGTA
  β-actin   F-GAAGATCAAGATCATTGCTCCT
            R-TACTCCTGCTTGCTGATCCA

F, forward; R, reverse.
